Nanofluid is a new class of engineering fluid that has good heat transfer characteristics which is essential to increase the heat transfer performance in various engineering applications such as heat exchangers and cooling of electronics. In this study, experiments were conducted to compare the heat transfer performance and pressure drop characteristics in a plate heat exchanger (PHE) for 30°and 60°chevron angles using water based Al 2 O 3 nanofluid at the concentrations from 0 to 0.5 vol.% for different Reynolds numbers. The thermo-physical properties has been determined and presented in this paper. At 0.5 vol% concentration, the maximum heat transfer coefficient, the overall heat transfer coefficient and the heat transfer rate for 60°chevron angle have attained a higher percentage of 15.14%, 7.8% and 15.4%, respectively in comparison with the base fluid. Consequently, when the volume concentration or Reynolds number increases, the heat transfer coefficient and the overall heat transfer coefficient as well as the heat transfer rate of the PHE (Plate Heat Exchangers) increases respectively. Similarly, the pressure drop increases with the volume concentration. 60°chevron angle showed better performance in comparison with 30°chevron angle.
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Introduction
The rapid improvements in the past five decades in engineering technology related to fossil and nuclear energy, electric power generation and electronic chips cooling have resulted in acceleration in various subjects associated with heat transfer. Among such subjects is how the numerous engineering systems can cope with problems related to heat transfer improvement in corrugated plate heat exchangers (PHEs). Usually PHEs are broadly used in several engineering applications for their compactness, high thermal efficiency and suitability in variable load as well as ease and flexibility of sanitation. A PHE has attractive features consisting higher surface area due to corrugated channel and mixes the flow field well resulting in an increase in heat transfer. Likewise, PHEs have the flexibility for increasing or decreasing the thermal size (i.e., number of plates) according to heat load requirements. Furthermore, it can be easily disassembled for cleaning, which is important for some cases with strict hygienic constraints, such as pharmaceutical and food processing industries. The PHE performance during the flow degradation is one of the significant subjects that have been incorporated recently [1] . The heat transfer is required to meet the rising demand for higher energy density. This can be accomplished by using fluids with better thermos-physical properties. Nanofluids are relatively fluids with nanometre sized solid particles suspended in a base fluid like water, oil or ethylene glycol. Nanofluids were first invented by Choi [2] . The enhancement of heat transfer using nanofluids is possibly affected by different mechanisms, such as Brownian motion, dispersion of the suspended particles, thermophoresis, diffuseo-phoresis, forming a common boundary at the liquid/ solid and ballistic phonon transport [3] . Consequently, the size of the equipment reduction might lead to reduction in expenses and enhancement of the efficiency of heat transfer systems [3] . Extensive research has been carried out previously on the heat transfer characteristics of PHEs experimentally with different chevron angles, herringbone types, etc. [4] [5] [6] [7] . However, most of the research has been done on PHEs using conventional fluids, such as water, ethylene glycol as a heat transfer fluid. Unfortunately, conventional fluids have low heat transfer performance. Thus in order to get the required heat transfer performance, enhancement of thermal capability of working fluid is essential. In addition, high compactness and effectiveness of heat transfer systems is also important. Pantzali et al. [8] experimentally studied the efficacy of water based CuO nanofluid with 4 vol.% of nanoparticles as coolants in a commercial PHE. They have reported that the nature of coolant flow inside the heat exchanger equipment plays a significant role in the effectiveness of nanofluid. On the other hand, Kwon et al. [9] analysed the heat transfer performance and pressure drop of Al 2 O 3 and ZnO nanofluids in a PHE. Their investigation concluded that the performance of the PHE at a given flow rate did not increase much when using these nanofluids. Eastman et al. [10] found that the effective thermal conductivity for EG (ethylene glycol) based CuO nanofluid with 0.3% volume concentration is about 40% higher in comparison with base fluid. This indicates that there is room for improvement on heat transfer for commercial purposes. Vajjha and Das [11] used aluminium oxide nanofluids in their study and found that the thermal conductivity increases as the square of the temperature. For example, at 6% particle volume concentration, a raise of 21% thermal conductivity was achieved with the increase in temperature from 298 K to 363 K. Yu et al. [12] studied EG based water nanofluid and concluded that the thermal conductivity mainly depends on the temperature of the fluid because of the higher degree of Brownian motion. Another study was carried out by Godson et al. [13] for the effect of particle material and it was found that the enhancement of thermal conductivity was superior for metal particles nanofluid than metal oxide nanofluids. For instance, at 5% volume concentration, the metal oxide nanofluid had thermal conductivity up to 30%. However, for a volume concentration less than 1.5% of the metal particle nanofluid, improvement in thermal conductivity up to 40% was reported. Lee et al. [14] investigated oxide nanoparticle, such as Al 2 O 3 -water, Al 2 O 3 -EG, CuO-water and CuO-EG. The thermal conductivity of the nanofluids was measured by a transient hot wire method and it was found that the EG based nanofluid indicated a higher thermal conductivity than the water based nanofluid. Analytical investigation showed that the heat transfer enhancement was found for various heat exchangers using nanofluids with the minimum penalty of pressure drop [13, 15, 16, 17] .
The experimental results of the heat transfer and the pressure drop for PHE has very limited literature on it because most of the research has been done through tubes with constant heat flux or temperature. Tiwari et al. [18] experimentally investigated the water based CeO 2 nanofluid in a PHE and found 39% higher heat transfer coefficient compared to water. Most of the research was done by numerically simulating water as a transfer fluid. Huang et al. [19] considered only single corrugation angle (i.e. 65°) in their study. However, our main focus is to investigate the heat transfer and pressure drop characteristics of a corrugated PHE for 30°and 60°chev-ron angles using water based Al 2 O 3 nanofluid. In this study, water based Al 2 O 3 nanofluid was chosen due to it's reasonable cost and excellent thermos-physical properties. To the best of the authors' knowledge, no experimental work on the heat transfer performance and pressure drop characteristics of a corrugated PHE for 30°and 60°chevron angles using water based Al 2 O 3 nanofluid was found in literature. Therefore, it is expected that this paper can be a new contribution for the aforementioned issues. It was also observed that there are discrepancies exist among different experimental data available in the literature. Therefore, more studies are needed on this to draw a conclusion on the findings with the usage of nanofluids in heat exchangers.
Experimental procedure and facility
An experimental set up to investigate the heat transfer and pressure drop characteristics of the corrugated PHE under different nanoparticle volume concentrations is described in this section. The actual plate of the heat exchanger is shown in Fig. 1 .
The schematic diagram and the experimental set up of the PHE is illustrated in Fig. 2 and a photograph of the actual system is shown in Fig. 3 .
The experiments were carried out using a commercial chevron type (30°and 60°) PHE made from AISI 316 steel. The surface enlargement factor for all the plates were 1.117. Six plates were installed providing five fluid streams (3 cold, 2 hot) in a counter flow arrangement. The experimental set up comprises cold and hot loops. The experimental setup was controlled by A PLC system. A hot water tank with a very high precision heater was used to control the inlet temperature of the hot fluid with an accuracy of ±0.1°C. The flow rate was adjusted for each run in the PHE to keep the same Reynolds number in both sides. The hot and cold fluids were circulated by a centrifugal 3-stage pump (220/50 Hz, flow range 0.5 to 28 m 3 /h and maximum pressure 10 bar) through the PHE. Sufficient amount of time was given to achieve steady state conditions before taking the experimental data. The pressure transducer and thermocouple were placed between the inlet and outlet of the PHE for hot and cold fluids, respectively. The hot fluid flow rate was maintained at 3 L/min. The values for the pressure, the temperature and the flow rate of the PHE were taken from the PLC to determine the convection heat transfer coefficient, the heat transfer rate and the overall heat transfer coefficient. The PHE was arranged in a single pass arrangement and can be changed without disturbing the external piping. The inlet and outlet ports were on opposite sides allowing a counter flow mechanism between two fluid streams. Tables 1 and 2 shows the instruments used for the experimental set up and some geometrical characteristics of the chevron plates, respectively.
Preparation of nanofluid
In this experiment, the Al 2 O 3 nanoparticles were suspended with a base fluid to form the water based Al 2 O 3 nanofluid. The average size of the aluminium oxide (Al 2 O 3 ) spherical nanoparticles used in the experiments was 30 nm. The nanofluids were prepared by a two-step method without adding any surfactant. Nanoparticles were added into the base fluid and then sonicated by an ultrasonic machine for 60 min to prepare the nanofluid. Three volume fractions of the nanofluid, ranging from 0.1% to 0.5% of nanoparticles were prepared during the experimental investigation. In order to obtain a good quality of data, the nanofluids were freshly prepared before the experiment for each test to prevent any sedimentation. It is known that both the thermos-physical properties and stability of the suspension mainly depend on the volume fraction, shape, size as well as the thermos-physical properties of the nanoparticles and the base fluid [20] . The volume fraction of the nanofluid was calculated using the following Equation:
2.2 Measurement of thermos-physical properties of nanofluid
Thermal conductivity
The thermal conductivity of nanofluid for different concentration were determined using KD2-Pro (made by Decagon, USA) thermal properties analyser with an accuracy of ±0.1. The sample with a container was put into the temperature controlled bath and temperature of the sample was measured by a thermocouple. The thermal conductivity was measured for different temperature ranging from 25°C to 55°C with 5°C interval. 
Density
A portable density meter (KEM-DA 130 N, made by Japan) was used to measure the density of nanofluid. This device can measure the density within the range of 0 to 2000 kg/m 3 with the precision of ±0.001 kg/m 3 . The density was measured within the temperature range of 25°C to 55°C.
Viscosity
A Brookfield programmable viscometer (model: LVDV-III ultra) was used to measure the viscosity of the nanofluids within the temperature range of 25°C to 55°C with an interval of 5°C. The viscosity in the range of 1 to 6,000,000 MPa.s was measured using this instrument with the aid of an Ultra low adapter (ULA). In this experiment, the spindle (model ULA-49EAY, spindle code 01) is connected with the viscometer and submerged into the nanofluids.
Specific heat
Specific heat was measured using a differential scanning calorimeter (model: DSC 4000, made by Perkin Elmer, USA) for the different concentrations of nanoparticles. The measurement of specific heat for different temperatures begins from 25°C, and gradually increased to 55°C with an interval of 5°C.
Thermal performance of the heat exchanger
The heat transfer rate, the convective heat transfer coefficient, and the overall heat transfer coefficient were estimated using the following equations:
The mass flow rate was determined using Eq. (2). The heat removed by the hot fluid and the heat gained by the cold fluid was determined using Eqs. (3) and (4), respectively.
The fluid properties for the cold and hot fluids were determined using Eqs. (5) and (6), respectively.
The Reynolds number was determined using Eq. (7).
The Nusselt number was obtained from Eq.
(8).
Nu h ¼ 0:348Re 0:663 Pr 0:33
The channel mass velocity was determined using Eq. (9). The convective heat transfer coefficient was calculated by Eq. (10) .
Where, the hydraulic diameter can be expressed by the Eq. (11) .
The overall heat transfer coefficient of the nanofluid was calculated using Eq. (12)
The heat capacity rates for the hot and cold fluids were determined using Eqs. (13) and (14), respectively.
The effectiveness of the PHE was found from Eq. (15).
The maximum heat transfer rate was measured using Eq. (16)
The actual heat transfer rate of the PHE was computed from Eq. (17). 
Experimental uncertainties
The uncertainties associated with the measured values during the experiment are presented in Table 3 . The experimental uncertainties were determined using Eq. 18 associated with the related independent variables.
Where, R is the function of independent variables of X 1 , X 2 …..X n and ω 1 , ω 2 …… ω n. W R represents the uncertainty of dependent variable.
Results and discussions
The thermos-physical properties of the nanofluids and the base fluids are essential for the heat transfer analysis of the PHE. For this reason, thermos-physical properties were Figure 4 . It has been found from Figure 4 (a) that the thermal conductivity of the nanofluid increased with the increase in the volume concentration and the temperature because of the movement of particles during the temperature rise. For instance, the thermal conductivity of the nanofluid at 0.5 vol.% concentration is found 15.64% higher than that of the base fluid at 27°C whereas it is found 25.25% higher for 55°C compared to 27°C. In Fig. 4(b) , the density of the base fluid decreased by 1.8% with the increase in the temperature from 25°C to 55°C. However, the density increased with volume concentration because of the dispersed nanoparticles in the fluid. It can be seen in Fig. 4(c) that the viscosity of the water based Al 2 O 3 nanofluid is decreased by 27.05% when the temperature is increased from 25°C to 55°C at 0.5 vol.% concentration. When the temperature of any substance is increased, there will be vigorous movement among the molecules. For the higher movement of the molecules, the resistance to flow of a material is decreased. In Fig. 4(d) , the specific heat is increased with increase in temperature. The trend of increase deems constant and almost linear. However, the specific heat is decreased with the increase in the volume concentration, which is caused due to the lower specific heat of the nanoparticles. In the following subsection, the heat transfer rate, the overall heat transfer coefficient, the heat transfer coefficient and the pressure drop were analysed for the PHE.
Overall heat transfer coefficient
The overall heat transfer coefficient of the PHE for different chevron angles is portrayed in Fig. 5 . In Fig. 5(a) , an enhancement of the overall heat transfer coefficient for 0.5 vol.% concentration was found 2%, 3.2% and 7.8% higher than 0.3 vol.%, 0.1 vol.% and water, respectively. In Fig. 5(b) , an increment of the overall heat transfer coefficient for 0.5 vol.% concentration was achieved, whereby 1.5%, 2.3% and 6.64% greater than 0.3 vol.%, 0.1 vol.% and water, respectively. Both the cases, 60°chevron angle implements better overall heat transfer coefficient than 30°chevron angle.
Heat transfer coefficient
The convective heat transfer coefficients in the PHE for 60°and 30°chevron plates is presented in Figure 6 . Due to improved thermos-physical properties of the nanofluid, the heat transfer coefficient was found to be increased compared to the base fluid. By improving the heat transfer coefficient, it is beneficial to the heat exchanger for better thermal performance and energy efficiency. It can be observed from Eq. (10) that the thermal conductivity plays a vital role in enhancing the convective heat transfer coefficient. The heat transfer coefficient is also dependent on the Reynolds number, which is increased with the increase in the nanoparticle vol.% concentration. In Figure 6 (a), an enhancement of the heat transfer coefficient for 0.5 vol.% concentration was found to be 3.3%, 5.8% and 15.4% higher than 0.3 vol.%, 0.1 vol.% and water, respectively. In Fig. 6(b) , an augmentation of the heat transfer coefficient for 0.5 vol.% concentration was attained 15.3% greater than water. It was observed that PHE with 60°c hevron angle performed better than 30°chevron angle for every volume concentration along with the base fluid. The present analysis was done using the heat transfer coefficient with the Reynolds number. The similar trend was found in a study of microchannel heat sink by Chein and Chuang [21] .
Heat transfer rate
Generally, the heat removed from the hot fluid and the heat gained by the cold fluid should be equal. However, practically it is not possible due to the heat loss in the heat transfer process. As shown in Fig. 7 the heat transfer rate is increased with the increase of Reynolds number. It can be determined that the heat transfer rate is higher in nanofluids for different concentrations compared to water for different Reynolds number. In Fig. 7(a) , an enhancement of the heat transfer rate for 0.5 vol.% concentration was found 2.5%, 7.8% and 15.14% higher than 0.3 vol.%, 0.1 vol.% and water respectively. In Fig. 7(b) , an increase of the heat transfer rate for 0.5 vol.% concentration was achieved 2.3%, 7% and 14.5% higher than 0.3 vol.%, 0.1 vol.% and water respectively. In short, 60°c hevron angle performed better than 30°chevron angle for every volume concentration. Various method has been used to compare the nanofluids with base fluids in previous research. Chein & Chuang [21] compared the base fluid with the nanofluid on the velocity basis whereas Pak and Cho [22] compared on the Reynolds number basis. In the present study, the comparison of the heat transfer rate for the water and the Figure 8 represents the effect of nanoparticle on the effectiveness as a function of Reynolds number. As seen in Fig. 8 , the increase of nanoparticle results in enhancement of effectiveness of nanofluid with the Reynolds number. However, the effectiveness of nanofluid is insignificant for the chevron angle of 60°and (b) 30°which can be observed from Fig. 8 as the difference of absolute value of effectiveness for both the chevron angle is so minimal.
Effectiveness

Pressure drop
The major drawback of using nanofluid in the PHE is the increased pressure drop. The pressure drop was measured for different Reynolds number under different coolant volume flow rates as presented in Fig. 9 . It is the function of the Reynolds number, the density and the viscosity of the PHE. A higher viscosity is pronounced for higher volume concentration whereas the density increases slightly with the increase of the volume concentration. Chevron angles of 30°and 60°a lso influences the friction factor. A maximum increase in the pressure drop has been found for higher volume concentration in comparison with the base fluid. In Fig. 9(a) , the pressure drop of the PHE for 0.5 vol.% concentration was found 2.3%, 4.2% and 17.3% higher than 0.3 vol.%, 0.1 vol.% and water, respectively. In Fig. 9(b) , the pressure drop of the PHE for 0.5 vol.% concentration was attained 1.5%, 5.3% and 19% higher than 0.3 vol.%, 0.1 vol.% and the base fluid water, respectively. Therefore, it is important to carefully select the nanofluid to allow balancing the pressure drop penalty and the heat transfer enhancement.
Conclusions
In the present study, we have experimentally investigated thermos-physical properties, the convective heat transfer performance and the pressure drop of water based Al 2 O 3 nanofluids in a PHE with chevron angles of 60°and 30°. We have performed experiments for five different Reynolds numbers and three different nanoparticle concentrations. The main conclusions drawn from the results of the present study are listed as follows:
(a) Thermal conductivity of the nanofluid found to be increased with the increase in the volume concentration and the temperature because of particle movement by Brownian theory during the temperature rise. About 25.25% higher thermal conductivity was found for nanofluids at 55°C compared to base fluid. (b) The maximum overall heat transfer coefficient increase is found to be 7.8% for 0.5% vol.% concentration compared to the base fluid. For 30°chevron angle, the heat transfer coefficient is 6.64% higher than the base fluid. (c) Adding the nanoparticle into the base fluid enhances the heat transfer rate of the nanofluid as well as thermal conductivity and convection coefficient and conduction is increased. For 60°chevron plate, a maximum heat transfer rate is found 15.14% higher in comparison with water for 0.5 vol.% concentration whereas it shows14.5% higher for 30°chevron plate. This means that the plate with 60°chevron angle performs better than 30°chevron angle plate for both nanofluid and water. Moreover, the addition of nanoparticle into the base fluid results in enhancement of effectiveness of nanofluid with the increase of Reynolds number. (d) The pressure drop increases with the increasing of volume concentrations. It was found that pressure drop for each run was found higher for the 60°chevron PHE than the 30°chevron PHE.
